Vancomycin is the mainstay of treatment for patients with Staphylococcus aureus infections, and reduced susceptibility to vancomycin is becoming increasingly common. Accordingly, the development of rapid and accurate assays for the diagnosis of vancomycin-intermediate S. aureus (VISA) will be critical. We developed and applied a genome-based machine-learning approach for discrimination between VISA and vancomycin-susceptible S. aureus (VSSA) using 25 whole-genome sequences. The resulting machine-learning model, based on 14 gene parameters, including 3 molecular typing markers and 11 genes implicated in reduced vancomycin susceptibility, is able to unambiguously distinguish between the VISA and VSSA isolates analyzed here despite the fact that they do not form evolutionarily distinct groups. As such, the model is able to discriminate based on specific genomic markers of antibiotic susceptibility rather than overall sequence relatedness. Subsequent evaluation of the model using leave-one-out validation yielded a classification accuracy of 84%. The machine-learning approach described here provides a generalized framework for the application of genome sequence analysis to the classification of bacteria that differ with respect to clinically relevant phenotypes and should be particularly useful in defining the genomic features that underlie antibiotic resistance.
S taphylococcus aureus is the leading cause of a broad spectrum of infections, including skin and soft-tissue infections, bacteremia, and endocarditis, in patients in the United States (1) . Mortality from severe S. aureus infections can reach 20 to 30% (2) , and treatment requires a prolonged course of antibiotics (3) . Antibiotic resistance presents a major challenge to the effective treatment of S. aureus infections. The first methicillin-resistant isolates of S. aureus were identified in the early 1960s, and the mechanism of resistance to methicillin, which involves the acquisition of the mecA gene (methicillin-resistant S. aureus [MRSA]) ( Fig. 1) , is well understood (4) . S. aureus isolates identified as methicillin resistant are typically treated with vancomycin, and strains with various degrees of vancomycin resistance are also becoming increasingly prevalent (5, 6) .
S. aureus isolates that have a high MIC to vancomycin of Ͼ16 g/l are considered fully resistant (VRSA) (Fig. 1 ), and this phenotype results from the acquisition of the vanA gene found on the Tn1546 transposon (7, 8) . Isolates of S. aureus with reduced susceptibility, but not full resistance, to vancomycin form the category of vancomycin-intermediate S. aureus (VISA) ( Fig. 1) (9) . Unlike the single-gene determinants of full methicillin and vancomycin resistance, the genetic basis of the vancomycin-intermediate phenotype appears to be more complex, likely involving multiple genes, and is less well understood (10) . Studies of the phenotypic characteristics of VISA as well as the identification of single-nucleotide polymorphisms (SNPs) that distinguish VISA strains (10) have led to the proposal of a number of candidate genes that may underlie vancomycin-intermediate susceptibility in S. aureus.
The genes that have been implicated as vancomycin intermediate can be functionally classified into three groups: (i) genes related to cellular processing and signaling, (ii) genes related to information storage and processing, and (iii) genes related to metabolism ( Fig. 1) (11) . A number of these genes have functions that are related to cell wall integrity, since vancomycin acts to disrupt cell wall biosynthesis by binding to peptidoglycan precursors (9) . Indeed, VISA isolates appear to have thicker cell walls (12) along with an increase in the D-alanyl-D-alanine cell wall constituent residues, which are thought to be the target for the vancomycin glycopeptide, thereby reducing its efficacy (13) . SNPs within several classes of cell wall-related genes have been associated with reduced vancomycin susceptibility, including a number of transcriptional regulators, agrA, agrC, and rpoB; members of two-component regulatory systems, vraSR, graSR, and walKR; penicillin binding proteins pbp4 and pbpB; and the phosphatase stp1 (10, (13) (14) (15) (16) (17) (18) (19) (20) (21) .
It should be noted that the VISA phenotype was initially thought to be exclusively associated with a subset of the regulators described above, including the agr genes, but VISA has now been demonstrated in strains lacking any changes in these and other regulators (9) . As such, it is likely to be the case that vancomycinintermediate susceptibility can also be encoded by genes related to other aspects of antimicrobial resistance. Consistent with this idea, genes that encode the antibiotic degrading enzyme beta-lactamase recently have been implicated in the VISA phenotype ( Fig.  1) (22, 23) . In the case of vancomycin, beta-lactamase and related genes are thought to mitigate susceptibility by stimulating pathways involved in cell wall maintenance and repair.
The ability to distinguish S. aureus clinical isolates with different antibiotic-resistant phenotypes early on is critically important for patient treatment decisions. Identification of MRSA and VRSA isolates is generally straightforward given the respective singlegene determinants of these phenotypes. The goal of this study was to take advantage of the availability of the VISA-associated genes described above, together with a number of other genomic characteristics of S. aureus isolates, in order to build a genome-based discriminator between VISA and VSSA isolates. To do this, we chose a machine-learning computational approach (24) that en-tails the use of multiple genomic features, i.e., genes and genomewide characteristics, for discrimination of VISA and VSSA isolates. The machine-learning computational framework provides for maximum discriminative power along with information as to which of the genomic features employed by the algorithm are ultimately most informative for distinguishing between VISA and VSSA isolates. We show that this approach allows for discrimination between VISA and VSSA isolates even though isolates from these phenotypically defined classes do not form evolutionarily distinct groups.
(These data were reported in part at the 113th General Meeting of the American Society for Microbiology [25] .)
MATERIALS AND METHODS
Publicly available genome sequences. Complete S. aureus genome sequences that were publicly available as of May 2012 were downloaded from the NCBI RefSeq database (26) (http://www.ncbi.nlm.nih.gov /genomes/geblast.cgi?taxidϭ1280), and individual strains were characterized as VISA or VSSA based on published evidence ( Table 1 ). The evolutionary relationships among the complete genome sequences were characterized using 16S rRNA (see Fig. S1 in the supplemental material) and multilocus sequence typing (MLST) analysis (see Fig. 3A ). Individual 16S rRNA and MLST locus sequences were taken from the NCBI RefSeq genome annotations, and sequences were aligned using ClustalW (27) . The 16S rRNA phylogenetic tree was reconstructed based on the number of differences between sequences using the neighbor-joining (NJ) method (28) implemented in the program MEGA (29) . A concatenated sequence alignment of all 7 MLST loci was used to reconstruct the MLST phylogenetic tree using the NJ method in MEGA with Poisson-corrected distances and 500 bootstrap replicates. MLST sequence types (STs) were assigned to individual genome sequences using the S. aureus MLST database (http: //saureus.mlst.net) (30) . Whole-genome sequence trees were reconstructed based on the average nucleotide identities (ANI) computed between pairs of genomes using the program MUMmer (31) .
Patient isolates and genome sequencing. S. aureus isolates from 11 patients presenting with respiratory symptoms, skin and soft-tissue infections, septic arthritis, or bloodstream infection ( Table 2) were collected and cultured in the Emory Healthcare microbiology laboratory (under Institutional Review Board approval 50685). The S. aureus isolates were subjected to automated susceptibility testing using the MicroScan Walk-away96 Plus system (Siemens Healthcare Diagnostics Inc., Tarrytown, NY), and vancomycin susceptibility was confirmed by Etest (bioMérieux, Inc., Durham, NC). Isolate DNA extraction was performed using the cetyl trimethyl ammonium bromide (CTAB) protocol. Isolate genome sequencing was performed using either the Ion Torrent PGM 314 chip (isolates CI1 to CI6) or the Illumina MiSeq (isolates CI7 to CI11). This resulted in high-coverage draft genome sequences (ϳ36ϫ for Ion Torrent and ϳ99ϫ for MiSeq) that were assembled but not finished to yield a single contig.
Machine-learning approach used to distinguish VISA and VSSA isolates. A schematic overview of the machine-learning approach used to discriminate between VISA and VSSA isolates is shown in Fig. 2 , and the genome-wide and gene-based parameters are shown in Table 3 . Briefly, complete genome sequences of 25 S. aureus isolates (step 1) were parameterized in order to quantify the variability seen for a number of genomewide attributes and specific gene sequences between groups of VISA and VSSA strains (step 2). Based on these parameters and their grouping between VISA and VSSA, a model to distinguish these two groups was built.
As part of the model construction, attribute selection was performed in order to converge on the minimal set of maximally informative attributes (step 3). Once the VISA and VSSA classification model was built in this way (step 4), it was used to make predictions about which group an as-yet unseen S. aureus genome sequence would belong to (step 5). Cross-fold validation with K ϭ 25 (i.e., leave-one-out validation) was used to test the classification accuracy of the model with respect to each individual isolate genome sequence. Details of the machine-learning approach used here can be found in the supplemental material.
SRA accession numbers. Sequencing data have been deposited in the Sequence Read Archive (SRA) database under accession numbers SRX282043, SRX282049, SRX282051, SRX282052, SRX282055, SRX282056, SRX374117, SRX381343, SRX381344, SRX381345, and SRX382695. 
RESULTS

Evolutionary relationships of VISA and VSSA genomes.
A set of 25 S. aureus whole-genome sequences (8 VISA and 17 VSSA) were evaluated using several different approaches in order to characterize their evolutionary relationships. Fourteen complete S. aureus genome sequences were taken from the NCBI RefSeq genome database (26) , and 11 draft S. aureus genome sequences, corresponding to clinical isolates from the Emory Healthcare microbiology laboratory, were characterized as described in Materials and Methods. The S. aureus isolates analyzed here are very closely related and cannot be readily separated into distinct VISA and VSSA groups using traditional methods of molecular typing. The close relationships among these strains is supported by high levels of pairwise 16S rRNA sequence similarity; on average, the 16S rRNA sequences of these strains are Ͼ99.9% identical. There are three groups of strains that share 100% identical 16S rRNA sequences, with only three nucleotide differences between the most distantly related pairs of sequences. Furthermore, groups of strains with identical 16S rRNA sequences include representatives from both the VISA and VSSA sets (see Fig. S2 in the supplemental material).
The inability of 16S rRNA sequences to distinguish VISA from VSSA strains could be due to the high levels of sequence similarity resulting in poor resolution or indicate that the VISA and VSSA groups do not represent two distinct evolutionary lineages.
MLST analysis provided greater resolution for typing of the S. aureus strains analyzed here than 16S rRNA analysis (Fig. 3A ). There are 10 MLST sequence types (STs) represented among the S. aureus isolates analyzed here, and the MLST loci show an average pairwise sequence identity of 93.6%. However, as with 16S rRNA, the MLST analysis does not distinguish VISA from VSSA strains. For example, there are two groups of strains that share identical STs and include both VISA and VSSA strains (Fig. 3A, ST-5 and ST-105). Overall, VISA and VSSA strains are mixed across the MLST tree.
Finally, a whole-genome phylogeny of the S. aureus isolates was reconstructed using pairwise average nucleotide identities (ANI) between genomes. As can be seen for the 16S rRNA and MLST analyses, VISA and VSSA isolates show high genome-wide sequence identity and are mixed on the ANI tree ( Fig. 3B ). Considered together, these three comparative sequence analyses indicate that the VISA and VSSA strains analyzed here do not represent distinct evolutionary lineages. Thus, any attempt to discriminate between these phenotypic groups based on genome sequence comparison would have to entail an analysis of the sequence-level determinants of their vancomycin susceptibility differences as opposed to molecular typing markers alone.
Genome-based discrimination of VISA and VSSA isolates. Despite the fact that VISA and VSSA isolates are not evolutionarily distinct, we reasoned that there may be genomic features that can collectively distinguish between the two groups. These could be gene-specific features, genome-wide characteristics, or some combination thereof. In particular, genes relevant to the vancomycin susceptibility phenotype (Fig. 1 ) may be expected to be able to distinguish VISA and VSSA isolates. Accordingly, we attempted to build a machine-learning protocol to distinguish VISA from VSSA isolates using a combination of 29 gene-specific metrics, 7 genome-scale parameters, and 9 molecular typing parameters ( Table 3 ). The gene metrics were chosen based on their potential involvement in the vancomycin susceptibility phenotype, and the genome-wide and molecular typing attributes were chosen in an effort to provide increased resolution for isolate discrimination. The machine-learning approach we employed (see Materials and Methods; also see the supplemental material) provides a number of advantages, including the ability to identify which metrics are most useful for the discrimination between VISA and VSSA. In light of this utility, we initially used numerous gene-based and genome-wide parameters to build the classifier and then allowed the algorithm to inform us as to which parameters are relevant. This provides the additional insight into which genes are most relevant to the reduced vancomycin susceptibility phenotype. Attribute selection resulted in a reduction from 45 initial parameters to 14 final parameters, including 3 molecular typing markers and 11 genes implicated in the reduced vancomycin susceptibility phenotype. Using the final set of 14 parameters, S. aureus classifier models were generated using 6 different machinelearning algorithms, and the different algorithms were evaluated based on accuracy, precision, and recall with 10-fold cross validation (see Table S1 and supplemental methods in the supplemental material). Based on this comparison, logistic regression was chosen for the final classifier regeneration owing to its superior performance and its simplicity. The final logistic regression machinelearning model unambiguously discriminated between all VISA and VSSA isolates analyzed here (Fig. 4) . Subsequently, the accuracy of the final machine-learning model was evaluated individually for each isolate using leave-one-out cross validation, yielding an accuracy of 84% (i.e., 21 out of 25 accurate classifications).
DISCUSSION
In this study, we provide a proof of principle that a machinelearning approach can distinguish between VISA and VSSA iso-lates even when they do not form evolutionarily distinct groups. This approach provides several advantages for clinical applications, including speed, accuracy, and ease of use. Furthermore, the process of attribute selection provides information on the identities of genes that are most likely to be involved in the reduced vancomycin susceptibility phenotype.
Attribute selection and genes implicated in the VISA phenotype. Attribute selection uncovered a number of genes involved in synthesis and/or modification of the cell wall. For example, members of two-component regulatory systems selected here, graR, vraS, and walR, have been implicated in the VISA phenotype via their effects on cell wall composition and capsule expression (4, (32) (33) (34) . It has also been shown that mutations to other regulatory genes, including rpoD selected here, can lead to the VISA phenotype in the Mu3 lineage (35) . The selection of the cell wall synthesis enzyme pbp4, here implicated in the VISA phenotype, has been confirmed in other studies (35, 36) and is related to its role in peptidoglycan cross-linking.
The attribute selection algorithm also identified a number of genes that may exert their effects on reduced vancomycin susceptibility via alternative mechanisms. For example, the sigma factor sigB is a master regulator that controls the expression of numerous genes, and rsbU is required for its activation (37) . rsbU has previously been implicated in glycopeptide resistance (38) , and modification of these synergistically acting genes presumably could af- fect the expression of any number of downstream targets, leading to changes in vancomycin susceptibility. Translation has also been implicated in the VISA phenotype here via the selection of the tgt gene (10) , which encodes queuine tRNA-ribosyltransferase, as has metabolism via the selection of the folC (20) and isdE genes (9) .
It should be noted that reduced vancomycin susceptibility may be encoded by any number or any combination of these implicated genes. In other words, any given VISA strain may harbor mutations in one or more different members of this set of implicated genes. This is consistent with the fact that the reduced vancomycin phenotype is found dispersed among numerous strains from evolutionarily distinct groups.
Need for a molecular assay for VISA. Antibiotic therapy with vancomycin is the mainstay of treatment for patients with S. aureus bloodstream infections. Vancomycin is typically given before knowledge as to the possibility of reduced susceptibility to the drug, which has become increasingly prevalent over the last 10 years (5, 6) . The ability to detect S. aureus isolates with reduced vancomycin susceptibility is critical given the poor clinical outcomes for patients infected with VISA (39) . Currently, patients infected with VISA may be treated with vancomycin for up to 72 h before an elevated MIC is determined by routine antibiotic susceptibility testing. The availability of a rapid and accurate VISA diagnostic tool (i.e., a tool to detect reduced vancomycin susceptibility or clinical failure with vancomycin use) would help to avoid such situations and ensure an improved standard of care for patients infected with S. aureus.
Building a molecular assay for VISA. Molecular assays are increasingly used for antibiotic susceptibility and have been shown to work well for MRSA in particular (40) . A PCR-based assay for MRSA is feasible, since the phenotype is encoded by a single gene that is either present in resistant isolates or absent from susceptible isolates, except in rare cases. However, given the multigenic determinants of the VISA phenotype, development of a molecular-based assay for VISA would seem to benefit from a broadly targeted genome-wide approach. Fortunately, genomescale or multigene sequence-based approaches to molecular typing and diagnosis are becoming increasingly affordable and tractable owing to advances in DNA sequencing and bioinformatics technologies. Here, we have taken such a genome-scale approach to the discrimination between VISA and VSSA isolates. This approach will serve as a guide for the future development of more targeted multigene or SNP-based assays that will be able to accurately detect VISA isolates directly from clinical samples.
Genomics and machine learning for molecular assay development. The machine-learning analytical framework provides a generalizable, flexible, and powerful set of solutions for classification based on large data sets characterized by numerous features. As such, it is highly amenable to classification of organisms based on genome sequences and features. machine-learning approaches provide the added value of selecting which of the attributes initially chosen for classification actually contribute to the model's discriminatory power. This allows for both a rapid and streamlined classifier based on the minimal possible set of parameters and also yields biological insight, in the case of the gene-based parameters employed here, into the genetic determinants of the phenotypes that are being distinguished.
Machine-learning approaches also have clinical relevance in the sense that they can provide for rapid and automated turnkey solutions to health care providers in need of clinical diagnoses.
The vast majority of the computational effort in machine learning occurs far in advance of the actual clinical analysis in order to select the relevant parameters and build the model that will be used for classification. Once such a model is in place, the machinelearning tool can be easily applied to the clinical setting and its execution will be computationally efficient and rapid. The turnkey performance of the genome-based machine-learning approach employed here is exemplified by the fact that the clinical isolates were analyzed as draft genome sequences rather than complete assembled genome sequences, starting with sequence reads and proceeding through the machine-learning classification process in a fully automated fashion. In light of these features, machinelearning-based approaches hold great promise for the development of genome-scale molecular assays.
Current limitations and future developments of the approach. There remain limitations to the approach we have employed here along with prospects for future development and improvement. The machine-learning models were built using a number of candidate genes that were selected based on current knowledge as to the possible genetic determinants of vancomycin susceptibility. Given that this phenotype is not entirely understood, it is possible that there are additional relevant genes that were not included in our assay. With the machine-learning framework developed here in place, we could readily evaluate additional genes whose identities may become available as knowledge on the genetic determinants of vancomycin resistance grows. Another caveat is that there is a formal possibility that as additional VISA and VSSA genome sequences become available the discriminatory power of the algorithm could change, as could the set of relevant parameters employed to build the model. Once additional genome sequences become available, they could be iteratively added to the machine-learning process until it converges on a stable set of discriminating parameters.
An alternative to the candidate gene approach employed here is a more agnostic genome-wide approach that identifies target genes for VISA versus VSSA discrimination based on a genomewide association (GWAS)-type study that would point to a set of SNPs that collectively distinguish between phenotypic groups. Owing to the statistical properties (i.e., the power) of currently employed GWAS approaches, many more complete genome sequences would need to be analyzed in order for such an approach to be feasible.
